The presence of microcracks may lead to loss in the module output power and safety hazard of the module. This paper investigated whether the existed microscopic microcracks in cells will facilitate the PID behavior. Cells with different degrees of microcracks were fabricated into small modules to undergo the simulated PID test. The I-V performance and EL images of the modules were characterized before and after the PID test. The obtained results demonstrate that with the increase in the microcracked area or length, the modules would show a more serious PID behavior. The mechanism of this microcrack length-related degradation under high negative bias was proposed.
Introduction
Microcracks refer to the invisible cracks that cannot be easily perceived by the naked eye when a wafer is subjected to mechanical or thermal stress. There are several stages related to the generation of microcracks [1] [2] [3] [4] [5] [6] [7] [8] : (i) the cutting process of an ingot or crystal bar due to a local uneven force; (ii) the cell or module fabrication process due to external factors; (iii) improper module installation; and (iv) the power plant operation period due to external factors such as wind or ground subsidence. Since the microcracked silicon wafer is not completely broken apart, microcracks can be detected only through the electroluminescence (EL) test [9] . The presence of microcracks may cause part of the cells to be inactive, leading to the loss in the output power and safety hazard of the module [9] .
In a crystalline silicon cell, current is collected from fingers to the busbar and then through the string connector to the output from the junction box. The generated current of a cell is proportional to the cell active area. The inactive area can be judged by whether the current collection from the finger to the busbar is blocked or not. According to the inactive area of the cell, the number of microcracked cells, and the impact on the output power of modules, microcracks can be divided into three categories: microscopic microcrack, general microcrack, and serious microcrack. Modules with seriously microcracked cells generally need to be replaced in a power station, and those with general microcracks will not affect the power output in the initial stage and will be disposed according to their working condition. Microscopic microcracks generally refer to the microcracks that are single or partial flakes located not at the busbars and basically do not cause failure of the area, and the power degradation of the module with microscopic microcracks should meet the industry standard (i.e., the first-year power degradation less than 2.5%). Therefore, it becomes necessary to develop the means of quantifying the risk of power loss in PV modules with cracked solar cells to ensure their output during the lifetime, and some standards may be discussed and set in the future.
In solar power stations, it is known that modules must be connected in series and parallel to build arrays to meet the load requirements. The connection of single modules in series will produce a high voltage relative to the plane of zero potential (ground). The efficiency of the modules may probably degrade due to this high negative bias under heat and humidity, which is known as the potential induced degradation, PID [10, 11] . A number of factors [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , such as stacking faults in the silicon wafer, refractive index of the antireflection coating, resistance of the encapsulant material, and design of the power station, have been found and demonstrated to be related with the PID behavior. However, it has never been investigated whether the existed microscopic microcracks in cells will facilitate the PID behavior of modules.
Herein, we fabricated a series of small modules using solar cells with different microcrack lengths. The small modules were then kept in a climate chamber with constant temperature and humidity for the PID simulation test. The I-V curves and EL images of the small modules were measured before and after the PID test. The obtained results demonstrate that with the increase in the microcrack length, the modules would show a more serious PID behavior. Our work reveals the underlying relationship between the microcrack length in cells and PID of modules.
Materials and Methods
Conventional cells with different microcrack lengths were selected via EL and divided into 5 groups with 10 cells each group according to the microcrack length: A (0 cm), B (0-0.9 cm), C (1-2 cm), D (4-5 cm), and E (9-10 cm). The length was measured by the maximum length of the cracked area. Then the cells were fabricated into small modules using the normal process and kept in a climate chamber with constant temperature and humidity for the PID simulation test, after which the I-V and EL of the small modules were measured and analyzed.
Results and Discussion
The power loss in crystalline silicon-based photovoltaic modules due to microcracks was investigated by Köntges et al. in 2011 [9] . They analyzed the direct impact of microcracks on the module power and the consequences after artificial aging. The approach of artificial aging they adopt was 200 humidity freeze cycles. The main focus of their research is on the degradation of power due to crack propagation after artificial aging.
Herein, to investigate the effect of microcrack length in silicon cells on the potential induced degradation behavior, in our work, five groups of cells with different degrees of microcracks were fabricated into small modules. After performing the PID test in an environmental test chamber (85°C, 85% RH), the electrical performance was measured using a Pasan tester. The obtained data are listed in Table 1 .
As can be seen from Table 1 , after the PID test, degradation was observed for the open-circuit voltage (Voc), shortcircuit current (Isc), and fill factor (FF). Figure 1 shows the trend of degradation with microcrack length. It can be clearly noted that with the increase in the microcrack length, a larger degradation would occur. The decrease of the parallel resistance (Rsh) is 94.13%, 99.24%, 99.39%, 99.58%, and 99.72% for groups A to E, respectively. These results demonstrate that the longer the microcrack length, the faster the Rsh degrades after the PID test, which increases the probability of providing the shunt for the current, and the trace current Irev2 is greatly improved after the PID test.
From Table 1 , it can be also seen that after the PID test, the module efficiency also exhibits a larger degradation with the increase of the microcrack length. The power degradation of module group A without a microcrack is 2.61% after the test, which meets the <5% standard for IEC 62804. Modules International Journal of Photoenergy of groups B, C, D, and E degraded by 32.02%, 33.80%, 37.53%, and 49.32%, respectively, showing a serious PID phenomenon.
It is shown that with increasing microcrack length, positive charges are easy to gather on the surface of the cell under long-term high bias and high-temperature and humidity conditions. Under the in-built electric field, a large amount of negative charges is attracted to the surface. If a microcrack then exists in the wafer, it can provide a diversion channel for the surface charges, leading to current leakage, which decreases the efficiency of the cell. The larger the microcracked area is, the more leakage occurs, and the greater the efficiency declines. Figure 2 shows the EL pictures of the cells and small modules before and after the PID test. By comparing these EL pictures, we can find that with the increase in the microcrack length, the EL of the cells after the PID test gradually tarnishes, which is consistent with the degradation trend of modules.
To further verify the obtained results, PIDcon equipment was used to simulate the anti-PID performance of the five sample groups. The parallel resistance change of the samples with test time is shown in Figure 3 . It can be seen from the figure that the parallel resistance of sample group A (i.e., without microcrack) first decreased quickly in the initial 12 hours and gradually became steady after that. The Rsh of the B, C, D, and E sample groups decreased rapidly within the initial two hours of the test, especially for group E. After the initial two-hour rapid decrease, it slowly became stable and constant till the end of this test. These results further demonstrate that the increasing microcrack length generally gives a faster decrease rate of parallel resistance after the PID test, indicating a more serious current leakage. Figure 4 shows the PID degradation of modules with different microcrack lengths, and modules are found to degrade less with decreasing microcrack length.
Based on these results, the mechanism of the effect of the wafer microcrack defect on PID is proposed and depicted in Figure 5 (a) is a scheme of part of the cell, in which the microcrack is located in the cell grid area. The microcrack vertically penetrates through the PN junction. Figure 5 (b) is a schematic diagram of the normal crack-free cell. Under light irradiation, photon excites the motion of nonequilibrium carriers in the silicon wafer, and the minorities (i.e., electrons) of the P-type silicon region move to the N-type silicon region. The holes, the minorities of the N-type silicon region, move toward the P-type silicon region and converge through the silver finger to the busbar to generate current. Figure 5 (c) is the scheme of charge flow in a microcracked cell. During the lateral or longitudinal movement of electrons and holes, the presence of a microcrack will block the movement of electrons and holes, impeding the transportation of electrons and hence reducing the output current. Due to the limited microcrack area, the degradation in output power is not significant enough to be observed. Figure 5 (d) is the scheme of the PID mechanism in a microcracked cell, when the cell is under high temperature/humidity and negative bias; the sodium ions migrate from the glass to the silicon nitride film. Therefore, sodium ions gradually accumulate at the SiN x /Si interface. In the microcrack-free region, the positive charges of sodium ions will attract a large amount of electrons to the silicon surface, which reduces the convergence of electrons to the silver electrodes. On the other hand, due to the accumulation of negative charges on the silicon surface, the fixed negative charges repel the electrons moving from the P-type silicon side and simultaneously attract the positive charges, thus reducing the number of electrons and holes. In the microcracked region, while the movement of electrons and holes are hindered, sodium ions are impeded when arriving at the silicon nitride layer and the P-and N-microcracked interface regions. Therefore, the sodium ions are easy to gather at the edge of the microcracked region to capture the electrons and become the recombination center for the minorities. When more and more sodium ions accumulate in the microcracked region, the collection of current is largely reduced, leading to current leakage.
Conclusions
This paper focused on the effect of existing microscopic microcracks in cells on the potential induced degradation behavior. Cells with different degrees of microcrack were fabricated into small modules to undergo a simulated PID test. The I-V performance and EL images of the modules were characterized before and after the PID test. The obtained results indicated that with the increase in the microcrack length, the modules would show a more serious PID behavior. The mechanism of this microcrack length-related degradation under high negative bias was proposed.
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